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SUMMARY 

In an overview preliminary study, ultrasonic, x-ray opaque and florescent dye penetrant nondestruc- 
tive techniques were used to evaluate and characterize ceramic and metal matrix composites. Techniques 
are highlighted for identifying porosity, fiber alignment, fiber uniformity, matrix cracks, fiber fractures, 
unbonds or disbonds between laminae, and fiber-to-matrix bond variations. The nondestructive evalu- 
ations (NDE) were performed during processing, after processing and after thermomechanical testing. 
Specific examples are given for Si 3 N 4 /SiC (SCS-6 fiber), FeCrAlY/Al 2 0 3 (sapphire fiber), Ti-15-3/SiC 
(SCS-6 fiber) materials and Si 3 N 4 /SiC (SCS-6 fiber) actively cooled panel components. Results of this 
study indicate that the choice of the NDE tools to be used can be optimized to yield a faithful and 
accurate evaluation of advanced composites. 


INTRODUCTION 

The next generation of commercial aircraft will incorporate advanced aerodynamic and propulsion 
concepts that will require materials systems to be robust at extremely high temperatures and operating 
loads. NASA’s Advanced High Temperature Engine Materials Technology (HITEMP) Program focuses 
on the development of these enabling materials and structures for rotorcraft, ultrahigh bypass ratio 
engines for subsonic aircraft and supersonic High Speed Civil Transport (HSCT). The development of a 
demonstration combustor liner and nozzle for the HSCT is being supported by NASA’s Enabling Propul- 
sion Materials program (EPM). Within the EPM program, ceramic, intermetallic, and metallic matrix 
composites (CMC’s, EMC’s, and MMC’s) are being screened and evaluated (refs. I to 4) for their use as 
base materials for the HSCT’s combustor liner and nozzle. Nondestructive evaluation (NDE) plays an 
important dual role in the development of these materials and in the evaluation and certification of 
components before and during use. It is a challenge for nondestructive evaluation community to establish 
inspection (NDI), and evaluation (NDE) techniques that are accepted, reliable, and standardized for these 
enabling advanced composite systems. 

Materials development and tailoring can be greatly accelerated by placing NDE at critical processing 
stages where it can play an active and important role in the development process. NDE can assist in 
material properties screening, materials selection, and for determining the overall quality of finished com- 
ponents. NDE may occur in conjunction with or separately from proof testing. The component integrity 
after shipping, installation and repair will also need to be addressed by NDE. Equally important is the 
consideration and inclusion of nondestructive inspection (NDI) requirements at the component design 
stage. The components must be designed so that a nondestructive inspection can be performed. Includ- 
ing NDI requirements in the component design will avoid many of the inspection complications, problems, 
and uncertainties encountered in other aerospace systems. This level of NDI may also include nonintru- 
sive sensors that will monitor key variables that indicate the health of the component during use. Fiber 
and matrix cracks, delaminations, and fiber-to-matrix interface variations are material features that affect 


the composite’s strength and toughness, and therefore are prime candidates for quantitative nondestruc- 
tive evaluation. 

There are many NDE tools that can be used for evaluating materials. The choice of the tool to use 
for the inspection is one of the most important decisions during the inspection procedure. For example, 
an eddy current instrument will not be sensitive to the presence of cracks in an electrically nonconducting 
material. Although this is an extreme and obvious example there are numerous of these instrument- 
material mismatches that are more subtle and as such must be avoided. It is appropriate to establish 
which methods, instruments and techniques are best suited for the NDI and NDE at each stage of the 
combustor liner and nozzle development, certification, installation, repair and use. 

This work is a preliminary study that highlights standard NDE techniques for advanced composite 
systems. Five accepted NDE techniques were used; ultrasonic “C” and surface wave scans, conventional 
and microfocus x-ray film radiography, and florescent and x-ray opaque penetrants (refs. 5 and 6). These 
techniques can be used to characterize fiber fractures, matrix cracks, porosity variations, delaminations, 
unbonds, debonds, and fiber-to-matrix interface variations. A variation on the data acquisition con- 
figuration and data analysis for a conventional c-scan system yields images of subsurface fibers and their 
“degree of bonding” to the matrix. This data acquisition and data analysis process extracts the subsur- 
face reflection coefficient at the fiber-to-matrix interface from the surface reflection coefficient obtained 
from a standard c-scan. This Deep Reflection Coefficient Imaging (DERCI) (ref. 7) technique is in a 
development stage and is also shown here with its very promising preliminary results. Eddy current (ref. 5) 
and other more advanced techniques, such as, thermal diffusivity imaging (refs. 8 and 9), shearography 
(ref. 10), speckle interferometry, scanning acoustic microscopy (SAM) (ref. 11), and scanning electron 
acoustic microscopy (SEAM) (refs. 12 and 13), and computed aided x-ray tomography (CAT) (ref. 14) 
will be addressed in a separate article to be published at a later date. 

The following is organized into two sections: (l) NDE for processing and quality; and (2) NDE for 
degradation. The goal of this work is to show how NDE tools can be used effectively to impact the proc- 
essing procedures, evaluate the finished component or test piece, and evaluate the degree of degradation 
that occurs from use or thermomechanical testing. 


NDE FOR PROCESSING AND QUALITY 
Ceramic Matrix Composites 

We begin our study with the development of a Si 3 N 4 /SCS-6 (ref. 15) panel that contains coolant 
channels (fig. 1). The actively cooled panel is made up of a monolithic, 10.0 by 10.0 cm, Si 3 N 4 slab that 
is laminated to a cross-ply composite panel Si 3 N 4 /SCS-6 [0-90]. The laminated panel is 0.335 cm thick. 
The monolithic panel has 0.05 cm wide and 0.05 cm high coolant channels. The channel walls are 0.05 cm 
thick. During the development of this panel the interlaminar bonding procedure is evaluated by bonding 
two similar but monolithic plates. The bond between planar layers may be evaluated with radiographic 
and through transmission, focused 10 MHz, ultrasonic c-scan analysis; the results are shown in figures 2 
and 3, respectively. A low x-ray intensity, i.e., high x-ray attenuation, corresponds to dark region in the 
x-ray film positive. The dark vertical bands in the radiograph correspond to the walls of the coolant 
channels. The channels are uniform in shape and there are no chips, cracks or occlusions present. There 
are two lighter vertical bands at areas where poor reaction of the bonding material produced low densi- 
ties. (A subsequent modification of the manufacturing process eliminated these poorly reacted areas.) 
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The ultrasonic c-scan shows these poorly reacted regions more clearly and to be somewhat larger than 
that observed in the radiograph. The condition of the channels can not be determined from the 
ultrasonic information. 

Figures 4 and 5 show the radiographic and focused 10 MHz, ultrasonic c-scan results for a 
Si 3 N 4 /SCS-6 [0°] panel. Severe microcracking is observed in the radiograph as short light horizontal 
lines. The microcracks are most visible at the walls of the coolant channels. Note that in the enlarged 
region of the radiograph the crack lengths are not limited to the channel wall thickness but actually are 
several channels wide. The short dark vertical lines scattered throughout the image each have a short 
horizontal dark line at their central regions. These short dark vertical regions are regions where the 
channel has decreased in width. The dark horizontal line at the center of each of these regions, when 
examined at high magnifications, has been found to be an optical illusion that occurs where the channel 
walls have the closest approach to each other. At the region of closest approach some channels are 
partially blocked by this narrowing of the channel. Several channels had adjacent walls that were of 
sufficient thickness that the walls were touching and apparently completely blocking the channel. The 
ultrasonic image reveals a considerable amount of disordered mottling in the structure. The radiograph 
does exhibit density variations. There is no correlation between the mottling structure in the ultrasonic 
c-scan image and the crack structure observed in the radiograph. This mottling is due to porosity and 
bond variations between the laminated layers (refs. 16 to 22). 

In the previous example the fiber orientation is not easily determined. Figures 6 and 7 show the 
radiographic and focused 10 MHz, ultrasonic, c-scan images of a Si 3 N 4 /SCS-6 [0/90°] composite panel 
that does not have coolant channels. The radiograph reveals a bowed fiber system. These bowed pat- 
terns are not actual individual bowed fibers but are x-ray “shadows” of a collection of fibers that are 
bowed. The shadows forming the bowed pattern are due to fiber volume density variations through the 
thickness and perpendicular to the x-ray film plane. This is manifestation of the Moire effect (refs. 18 
and 23) found in composite systems. The density of the system is uniform as indicted by the uniform 
gray level or shading in the radiograph. The dark areas in the ultrasonic image also yielded reflected 
ultrasonic signals that corresponded to reflections from the laminated boundary, these dark areas are 
regions having poor or no bond between laminated layers. 

Fibers need only be well ordered and spaced uniformly in the plane of a Si 3 N 4 /SCS-6 [0/90] plate in 
order to yield relatively uniform radiographic and ultrasonic images (fig. 8). However, if there are any 
systematic variations, such as, ordered through the thickness buckling (due to processing) of the fibers 
(fig. 9), then the ultrasonic image will reveal this systematic fiber spacing variations. The fiber buckling 
can be readily observed in the photomicrograph (fig. 9) by comparing the spacing between the bottom 
two rows of fibers that are perpendicular to the cross section. Note that this spacing varies dramatically 
from center to the right edge of the sample. In this case, the fibers are forming a crude diffractive/ 
refractive acoustic lens (fig. 9) that is observed as a bright spot in the ultrasonic image. No indication of 
this fiber buckling is seen in the radiograph. 

A SiC/SiC (Nicalon fiber) laminated, two-dimensional, woven composite yield very complicated 
radiographic and focused 10 MHz, ultrasonic c-scan (fig. 10) images. The radiograph reveals a cross 
hatch pattern that varies in density. This variation may be due to density variations in the matrix 
material or registration variations between the woven layers. The dark circular regions that are uni- 
formly spaced are due to local density variations that have been produced during processing. These cir- 
cular density variations are also visible in the ultrasonic image. The distorted or blurry appearance of 
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the ultrasonic images is due to refractive and diffractive scattering (ref. 17) occurring at the rough 
surfaces and woven fibers. There is little additional information obtained from the 10 MHz, ultrasonic 
c-scan. 


Metallic Matrix Composites 

During the development of potential metal matrices the processing procedures are optimized by a 
combination of methods. One technique developed for consolidating metallic glass powders requires the 
use of a molybdenum or niobium encapsulating can for hot isostatic pressing (HIP). Radiographic (fig. 11) 
and ultrasonic (fig. 12) imaging can be performed while the consolidated material, NbYSi is still cap- 
sulated. The radiograph reveals an extensive amount of cracking throughout the consolidated material. 
Regions of increased porosity can be readily identified as light cloud-like areas in the radiograph and dark 
areas in the ultrasonic image. The crack density increases with an increase in porosity. 

The degree of consolidation was monitored in Ti-15-3/SiC (SCS-6) fiber composites with radiographic 
(fig. 13) and ultrasonic imaging (fig. 14). This panel was HIPped in two steps. The second processing 
step has removed much of the porosity (fig. 13). A close examination of the radiograph reveals fine fiber 
fractures (fig. 15). The intensity of the x-rays at the fracture sites is low. This low intensity or high 
x-ray attenuation at the fracture sites is an indication that the matrix material has infiltrated into these 
fracture sites as shown in figure 15. An increase in the x-ray intensity at the fracture sites would indicate 
that these fracture sites contained voids. The fractures occurred during the ductile part of the HIP stage 
and are not due to the mismatch between the coefficients of thermal expansion of the fiber and matrix 
materials. The initial infiltration of the matrix into the fiber fracture sites was radiographically observed 
after the first HIP stage. 

Composites with three phases yield complex radiographic and ultrasonic data. A Ti-15-3 plate con- 
taining unidirectional SiC (SCS-6) fibers and a molybdenum wire mat represents a simple three phase 
composite system. Groups of molybdenum wires can be identified in the focused 10 MHz, ultrasonic 
c-scan image (fig. 16) as faint uniformly spaced vertical lines. Here each group of mat wires act as an 
ultrasonic line scatter. Dark horizontal bands in the upper and lower parts of the ultrasonic image are 
due to the slight bunching of the horizontal SiC fibers, i.e., areas having high fiber volume density. The 
central region of the ultrasonic image also exhibits some horizontally oriented mottling. This mottling is 
due to similar fiber volume density variations except that these fiber volume density variations are not as 
ordered as those near the upper and lower edges of the plate. The radiograph shows both the orientation 
and structure of the horizontal SiC fibers and the vertical molybdenum wires that make up the mat 
(fig. 17). Broken, twisted, and bent molybdenum wires are easily identifiable and occur throughout the 
system. Fiber rich banded zones can also be identified, but not easily, in the radiograph. 

Ordered or systematic changes in the fiber volume density or orientation can produce artifacts or 
Moire (refs. 17 and 23) patterns in the radiographs. For example, if in one layer, the fiber spacing, Si, is 
slightly different from the fiber spacing, S2, in another layer, then a Moire pattern will be observed in the 
radiograph. The radiograph of a copper matrix system containing tungsten wires (fig. 18) reveals broad 
vertical dark Moire bands. (This is not an advanced high temperature composite material for the 
HITEMP or EPM programs, but it does dramatically show an artifact that occurs in all continuous fiber 
composites to some degree.) In addition, if the fiber layers are also off-axis from each other then the 
Moire bands will also be off-axis. 
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NDE FOR DEGRADATION 


Ceramic Matrix Composites 

There is a wide range of degradation or failure mechanisms that can rapidly affect the properties of 
CMC’s. The primary mechanisms that affect the properties of CMC’s are erosion, interfacial oxidation, 
and also impact, thermal, mechanical, and acoustical stresses that initiate fiber, fiber coating, fiber-to- 
matrix interface, and matrix fractures. The toughness of these brittle matrix composites is strongly 
dependent on the character and strength of the fiber-to-matrix interface. All of the degradation mecha- 
nisms mentioned above can lead to a degradation of the interfacial shear strength. Additionally, interfa- 
cial property changes due to thermal, mechanical or chemical treatments are quite different. Thermally 
driven interfacial changes result in drastic changes, via loss or replacement of original interface material 
(refs. 24 and 25). In contrast, mechanically driven interface changes result in debonding, chipping, and 
movement or redistribution of the interface material (ref. 26). The following work in this section focuses 
on the characterization of this interface. 

A new ultrasonic scanning and evaluation technique, known as Deep Reflection Coefficient Imaging 
(DERCI) (ref. 6), is being developed to characterize the fiber-to-matrix interface. An image generated by 
DERCI characterizes the reflection coefficient at the fiber-to-matrix interface. DERCI may be imple- 
mented on a conventional c-scan system by time gating and acquiring the reflected signals from the fiber- 
to-matrix interface. These reflected signals are superimposed, at focused 50 MHz, onto the reflection 
from the front surface of the test sample to form a signal with multiple peaks. Most often the signal 
reflected from the front surface is not collected but used as a trigger for collecting signals that occur at 
much later times, e.g., echoes from the back surface or interlaminar delaminations. However, it is this 
front surface signal that contains detailed information about the bonding of the fibers near the surface of 
the sample. There is a distinct difference between surface wave and DERCI evaluations. At a fixed fre- 
quency, surface wave evaluation interrogates the surface and near surface of the sample and the signals 
observed are dependent on the depth of the scatterer (fiber). In contrast, the DERCI image can interro- 
gate deep into the structure of the composite ply. In it’s optimum configuration the DERCI image is 
independent (except for geometric diffraction corrections) of the distance between the sample and ultra- 
sonic transducer. 

A brief description of the DERCI interpretation follows. The ultrasonic reflection coefficient at the 
fiber-to-matrix interface is expected to decrease with an increase in bonded contact area between the SiC 
fiber and Si 3 N 4 matrix. The two extreme cases of a perfectly bonded and completely unbonded SiC fibers 
provide the insight for identifying the expected reflection coefficient changes. Here the acoustic impe- 
dances between the SiC and Si 3 N 4 are similar when compared to that for a void and Si 3 N 4 . If the SiC 
fibers are completely unbonded, then the ultrasound will see the SiC fiber region as a void (maximum 
impedance difference) and, therefore, will yield a maximum amount of scattering at this type of interface. 
If the fibers are perfectly bonded then ultrasound with wavelengths much greater than the interface thick- 
ness will pass across this interface into and through the fiber with little scattering at the interface. In 
terms of imaging, a well bonded fiber with it’s low reflection coefficient at the interface will be difficult to 
observe acoustically, while a poorly bonded fiber with it’s high reflection coefficient will be easily 
observed acoustically. 

The interface reflection coefficient will vary uniformly with changes in the interface between the fiber 
and the matrix. There are many interfacial characteristics, such as, thickness, density, contact area 
between the fiber and matrix, and modulus, that will affect the acoustic impedance of this interface 
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(ref. 6). Here, we will focus on mechanical decoupling and thermally driven oxidation of the bonded con- 
tact area of the interface, and it’s interrelationship with the interfacial shear strength. 

A Si 3 N 4 /SiC [0] (SCS-6 fiber) composite was tested in tension until matrix cracking was visually 
observed. The specimen was then unloaded and a NDE was performed. A region of the specimen was 
identified that did not visually exhibit matrix cracking. A radiograph of this area reveals a uniform 
structure (fig. 19). A microscopic evaluation of the radiograph does not reveal the presence of any micro- 
cracks. However, a 50 MHz, ultrasonic DERCI image (fig. 20) reveals a detailed subsurface structure. 

The individual subsurface fibers of the first ply can be identified as horizontal features across the image. 
The vertical and near vertical features are cracks in the matrix material. Note that along and near the 
matrix cracks there are areas in the image where the fibers appear to be clear or less blurry. The fibers 
in these areas have decoupled from the matrix material and in doing so have formed nearly perfect cylin- 
drical ultrasonic scattering boundary. This rather clean boundary prohibits any secondary or blur indu 
cing scattering of the wave that would have occurred if the ultrasound travelled into the SiC fiber (fig. 21). 
A florescent dye penetrant makes these matrix cracks visible under an ultraviolet light (fig. 22). 

A zinc iodide x-ray opaque penetrant was used to determine the extent of the debonding of the fibers 
from the matrix material. Immediately after the zinc iodide is applied to the sample a radiograph is 
taken (fig. 23). The radiograph reveals numerous cracks as light near vertical lines. These cracks can 
also be identified in the DERCI image (fig. 20). One hour after the initial application of penetrant the 
sample is radiographed again (fig. 24) in an identical fashion. The sharp crack like features have become 
faint and broad. This is an indication that the penetrant is slowly spreading throughout the sample. 

The wicking of the penetrant stopped at about one hour after it’s application. 

An extensive amount of ultrasonic scattering is observed in a 10 MHz, ultrasonic c-scan (fig. 25). 

The dark areas in the ultrasonic image correspond to the areas where cracks are observed in the DERCI 
image. 

Two identically produced specimens of Si 3 N 4 /SiC (SCS-6) [0] were ultrasonically evaluated using the 
DERCI technique. The DERCI images are spatially filtered with a two-dimensional high pass filter 
before further evaluation. This filter extracts the important spatial high frequency components (i.e., 
reflections from the fiber-to-matrix interface) from the reflections from porosity which are generally 
observed as mottling in ceramics (refs. 16 to 22 and figs. 5 and 7). The DERCI results reveal similar 
features in both samples before heat treatment (fig. 26). The vertical features in these images are due to 
reflections at the subsurface fiber-to-matrix interfaces. One sample was heat treated at 600 °C for 100 hr 
in flowing oxygen to degrade the fiber-to-matrix interface (via oxidation) (ref. 24). This heat treatment 
decreased the interfacial shear strength from 18±4 MPa to 0.8±0.4 MPa (ref. 24). After heat treatment 
there is a marked change in the DERCI image. After heat treatment the reflections from the interface 
are more intense so that the fibers become more visible. This change in the DERCI results before and 
after heat treatment can be quantified. The histogram maximum of the gray scale of each of the images 
may be used to quantify the DERCI results (fig. 27). A low value for the histogram maximum indicates 
that there is considerable amount of scattering at the fiber-to-matrix interfaces per unit area. A high 
maximum value indicates that the fibers are difficult to observe and that the image is rather bland or 
smooth. Ideally, if the fibers were perfectly bonded, and therefore essentially unobservable (except for the 
small variation in the acoustic impedance between the fiber and matrix) then the DERCI images would 
contain predominantly one shade, 128, in the gray scale. The gray scale maximums for the untreated and 
heat treated specimens are 1.9 and 3.3 (arbitrary units), respectively. This corresponds to about a 
75 percent change in histogram amplitudes. These values can be correlated with the respective interfacial 
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shear strengths. If the interfacial shear strength is strongly dependent on the contact area between the 
fiber and matrix, then the DERCI results, which are also sensitive to changes in this contact area, are 
images of variations in interfacial shear strength. Since the fiber and matrix acoustic impedances are not 
identical, then the interrelationship between the DERCI results and the interfacial shear strength, which 
to first approximation is assumed to be a linear relationship, will contain a calibration or scale factor. 
The radiographs before and after the heat treatment (fig. 28) show essentially similar results. 

These ultrasonic results are similar (ref. 7) to those found for a series of CMC samples (fig. 29) 
produced to have a wide range of interfacial bond strengths (fig. 30). 


Metallic Matrix Composites 

A FeCrAlY/Al 2 0 3 [0] (single crystal sapphire fiber) composite bar was tested in tension at 300 K 
until failure. Fine cracks in the fibers are barely visible under magnification of the radiograph shown in 
figure 31. The fibers fractured far away from the test area where the sample ultimately fractured. The 
horizontal dark and light bands are due to changes in the fiber volume density through the thickness of 
the sample. This banding, even though it is not cyclic, is produced in an identical way as the Moire pat- 
terns discussed previously. Similar bands have been found in untested samples. A 50 MHz, ultrasonic 
surface wave examination of the region having cracked fibers also reveals the extent and location of these 
cracked fibers (fig. 32). A focused 30 MHz, ultrasonic back echo c-scan reveals a mottled matrix material 
(fig. 32). This mottling is related to the original surface condition (i.e., before the grinding the surface 
smooth) of the sample. The mottling is most likely due to porosity variations that are dependant on the 
manufacturing process that creates the “as produced” rough surface. Figure 33 optically shows the “as 
produced” and “as ground” surface structures. All samples have “as ground” surfaces before being 
mechanically tested. The radiograph (fig. 31) does exhibit some mottling in the matrix. However, these 
variations are just barely visible. 

Another FeCrAlY/AL 2 0 3 [0] (single crystal sapphire fiber) sample was tested in tension at 1100 K. 
The mechanical test was interrupted before the sample fractured. The light region in the x-ray (fig. 34) 
results correspond to an area that has thinned during the test. The same horizontal light and dark band- 
ing due to fiber volume density variations are identified. These fiber volume density variations are also 
easily observed in the focused 10 MHz, ultrasonic, through transmission c-scan (fig. 34). 


DISCUSSION AND SUMMARY 

Table I provides a summary of the NDE results. This table may be used as a guide to assist in the 
nondestructive evaluation of ceramic, intermetallic, and metal matrix composites. Table I indicates that, 
by choosing the appropriate NDE technique, flaws, such as, fine fiber cracks, fiber-to-matrix interface 
variations, porosity, matrix cracks, interlaminar disbonds or unbonds, fiber misalignment, ply registration 
and orientation can be easily identified with conventional NDE techniques and existing NDE systems. In 
addition, NDE can further assist and guide the development of composites by providing feedback informa- 
tion on subsurface material features that are present at various stages of processing and degradation. 

The ultrasonic DERCI technique has been identified as a technique for evaluating “degree of bonding” 
between the fiber and matrix in ceramic matrix composites. Artifacts observed in ultrasonic and radio- 
graphic images have been observed and attributed to Moire and fiber buckling mechanisms. 
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TABLE I 



CMC 

MMC 

Matrix cracks 

DERCI, FP 

X, UC, FP, XP a 

Fiber fractures 

X b 

US, X b)C 

Delaminations 

UC, XP 

No samples with 
delaminations 

Porosity 

X, UC 

X, UC 

Fiber-to-matrix 
interface variations 

DERCI, US 

UC,APSS d 

Fiber bunching, and 
layup registration 

X 

UC, X 

Fiber alignment 

X 

X, UC 

Fiber through-the- 
thickness bucking 

UC 

Not explicitly 
observed 

APSS Angular power spectrum scanning 

DERCI Deep reflection coefficient imaging 

FP Fluorescent penetrant 

UC Ultrasonic c-scan 

US Ultrasonic surface wave 

X X-ray (conventional/microfocus) 

XP X-ray opaque penetrant 


a Penetrants are used routinely for locating surface 
breaking cracks in metals (ref. 5). 
b If the fracture planes are parallel direction of travel 
of the x-ray photons, then these may be observable 
when the fiber crack is widened (ref. 27). 
c In a recent separate unpublished study, fractured 
fibers in FeCrAlY/Al 2 0 3 (sapphire) composites 
were unobservable using conventional radiography. 
This is believed to be due to the complex fracture 
structure and x-ray absorption properties of 
sapphire. 

^Ultrasonic through transmission and back-echo 
c-scans, and angular power spectrum scanning 
(APSS; ref. 17), have been used to identify stress 
relaxation and fiber ratcheting in heat treated, 
thermal cycled MMC’s. However, the physical 
scattering mechanism responsible for the 
interrelationship is not well understood at 
this time. 
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Figure 2. — Radiograph of monolithic Si 3 N 4 , 
actively cooled panel. 



Figure 3. — Ultrasonic, 10 MHz, through 
transmission c-scan of monolithic Si 3 N 4 , 
actively cooled panel. 
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X-ray positive 



Short dark horizontal + vertical lines Magnification of cracked 

are due to channel narrowing region 

Figure 4. — Radiographs of Si 3 N 4 /SCS-6 [0 degree) actively cooled panel. 



Figure 5. — Ultrasonic, 10 MHz through 
transmission c-scan of Si 3 N 4 /SiC 
SCS-6 [0 degree] actively coolant 
panel. 



Figure 6— Radiograph of Si 3 N 4 /SiC 
SCS-6 [0-90 degree] panel. 
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Figure 7. — Ultrasonic, 10 MHz, through 
transmission c-scan of Si 3 N 4 /SiC 
SCS-6 [0-90 degree] panel. 


Si 3 N 4 /SiC (SCS-6) 



Sample sectioned here 



Ultrasonic Radiograph 

Figure 8 —Ultrasonic, 10 MHz, through transmission c-scan and radiographs of 
similarly produced Si 3 N 4 /SiC SCS-6 [0-90 degree], test bars. 


SiC fibers forming 
diffractive/refractive 
acoustic lens -» 


i i i 



A J / 

*- Ultrasonic signal enhancement 
due to focusing effect of non 
planar fiber layup 

Figure 9— Cross-section of Si 3 N 4 /SiC SCS-6 [0-90 degree] test bar at region showing 
large ultrasonic transmission. 
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SiC/SiC (Nicalon) 


Radiograph 


1 cm 



Ultrasonic 


Figure 10. — Ultrasonic, 10 MHz through transmission c-scan and 
radiograph of SiC/SiC (Nicalon) woven laminated composite. 


Light shaded area is 
area of volume having 
increased porosity -j 



Figure 11. — Radiograph of encapsulated NbYSI 
matrix material. 



Figure 12. — Ultrasonic, 10 MHz, through 
transmission c-scan of encapsulated NbYSI 
matrix material. 



After 2nd processing step 




Figure 13. — Radiographs of Ti-1 5-3/SiC (SCS-6) com- 
posites after first and second processing steps. 


Figure 14. — Ultrasonic, 10 MHz, through transmission c-scan 
of Ti-1 5-3/SiC (SCS-6) composite after the first processing 
step. 
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Ti-1 5-3/SiC (SCS-6) 


X-ray positive 

positive of region highlighted in figure 13. 


Matrix infiltration 
during consolidation 


Optical micrograph 

Figure 15. — Metallograph and enlarged x-ray 



Figure 16. — Ultrasonic, 10 MHz, through transmission 
c-scan of Ti-1 5-3/SiC (SCS-6) composite. 


I Vertical lines are the 
molybdenum wire mat 



Ti-1 5-3/SiC (SCS-6) 



Discontinious 
vertical lines 
are broken 
mat fibers 


Figure 17. — Radiograph of highlighted region in figure 16. 
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X-ray image 


Moire 

vertical 

dark 

bands 


W/Cu 

(200-pm-diam, 
W fiber) 


Fibers 


Si 

-HK 


1 cm 


Vertical 

layer 


Tungsten 
/ fiber 

Copper / 

matrix OOOOO 

\,ooooo 

OOOOO 


Cross section 


S2< S-j 



Off-axis Moire 

layer pattern 


Figure 18. — Radiograph and illustrations showing Moire effect in W/Cu 


composite. 


Si 3 N 4 /SiC (SCS-6) 


1 cm 

Figure 19. — Radiographed section of 
Si 3 N 4 /SiC SCS-6 [0] RBSN tensile 
test bar. 


Si 3 N 4 /SiC (SCS-6) 



Matrix cracks 
not visable in | 
x-ray — 1 


Clearly visable 
fibers in unfiltered 
DERCI Image is an 
indication of poor 
fiber to matrix 
bonding 

■Fibers that appear 
blurry are bonded to 
the matrix 



Reflected 

ultrasound 


Incident ultrasound 


Matrix 

material 


No transmission 
of ultrasound 
into the fiber — 


Completely 
debonded fiber 


Completely debonded fiber 


Matrix 

material 



Partially bonded fiber 


Incident ultrasound 


Primary 

reflected 

Itrasound 


Secondary 

reflections 


Figure 20— Ultrasonic DERCI unfiltered image at 50 MHz of Figure 21. — Schematic diagrams indicating possible 

section of Si 3 N 4 /SiC SCS-6 [0] RBSN tensile test bar. source of secondary image blurring scattering. 
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Light verticle lines 
/i are matrix cracks 

/ / 



Figure 22. — Fluorescent penetrant image 
of section of SigN^/SiC SCS-6 [0] RBSN 
tensile test bar. 


Si 3 N 4 /SiC (SCS-6) 



Figure 23. — Radiograph of section of 
Si 3 N 4 /SiC SCS-6 [0], RBSN tensile 
test bar immediately after applica- 
tion of zinc iodide penetrant. 


Si 3 N 4 /SiC (SCS-6) 



Absorption 
of penetrant 
creates a 
spreading 
dark area 


Figure 24. — Radiograph of section of 
Si 3 N 4 /SiC SCS-6 [0] RBSN tensile test 
bar one hour after application of zinc 
iodide dye penetrant. 



Figure 25. — Ultrasonic, 10 MHz, through 
transmission c-scan of section of Si 3 N 4 / 
SiC SCS-6 [0] RBSN tensile test bar. 


Sample Sample 

#1 #2 



As produced ^ Fibers are more easily/ 



No heat treatment After heat treatment 
Sample #1 Sample #2 


Figure 26.— DERCI images of Si 3 N 4 /SiC SCS-6 [0] RBSN at 50 MHz 
before and after heat treatment. 
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Figure 27. — Histograms of DERCI images of Si 3 N 4 /SiC SCS-6 [0] RBSN 
samples before and after heat treatment. 


Si 3 N 4 /SiC (SCS-6) 


■■■■■■ 


Before heat treatment 



After heat treatment 



(a) 582, c j <5 MPa 



(b) 606-6, cr = 13.1 ±2.2 MPa 



(c) 572, cr = 24.3±7.6 MPa 




(d) 239-IT, cr = 3.0±0.5 MPa 
2 mm 

(e) 250, cr = 12.4±2.6 MPa 


Figure 28.— Radiographs of Si 3 N 4 /SiC SCS-6 [0] RBSN sample #2 
before and after heat treatment. 


Figure 29 . — DERCI images of Si 3 N 4 /SiC SCS-6 [0] 
RBSN samples having a range of interfacial 
shear strengths. 
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Figure 30. — Histogram maximum amplitude versus interfacial 
shear strength for the Si 3 N 4 /SiC SCS-6 [0] RBSN samples. 


Ultrasonically 

scanned 

' ^ ' FeCrAIY/AI 2 0 3 



Figure 31 . — Radiograph and radiographic enlargement of 
FeCrAIY/AI 203 (sapphire fiber) composite. 


Ultrasonic surface wave, 50 MHz Ultrasonic back echo C-scan, 30 MHz 



Figure 32. — Ultrasonic surface wave and back echo images of FeCrAIY/Al 2 0 3 
(sapphire fiber) composite. 
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As produced surface 



As ground 

Figure 33. — Optical images of "as produced" and 
"as ground" FeCrAIY/AI 2 0 3 (sapphire fiber) 
composite. 



Radiograph 
Light area is due to 
sample thinning 


1 cm 


FeCrAIY/AUOo 


Ultrasonic Image 


Dark bands 
* due to fiber 
J'f bunching 

/ I 
/ I 
/ I 
f I 

FeCrAIY/AI 2 0 3 


Figure 34. — Ultrasonic, 10 MHz, through transmission c-scan and radio- 
graph of FeCrAIY/AI 2 0 3 (sapphire fiber) composite tensile test bar. 
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